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INTRODUCTION

Background Information
Solar photovoltaic (PV) energy is produced by converting light energy to electrical energy. The energy of light, composed of photons, is determined by the color and therefore frequency of that light. As explained by the photoelectric effect, when the energy of that light is high enough, it excites the electrons on the surface of a material, causing them to move to a higher energy level. While in normal materials these excited electrons return to their original state relatively quickly, in photovoltaic devices these excited electrons are driven to create a current; this is known as the photovoltaic effect. The electrons do not return to their lower energy state because of an asymmetry that is inherent to this type of materials, and a potential difference is created. PV cells are developed to take advantage of this effect, and thus have a unique functionality: they conduct as diodes in a dark environment and in light they gain a charge, producing a photovoltage. [1] One distinguishing feature of the PV device designed in this project is that it is fabricated on float-zone silicon wafers. There are two processes typically used to fabricate silicon wafers, namely the float-zone and Czochralski methods. Both processes extract a single crystal as the final product; however, the Czochralski does so using a melt from which the crystal is extracted directly, while the float-zone technique passes a liquid phase through a polycrystalline rod. Using the float-zone method provides several advantages, in particular the fact that the wafers have fewer impurities, which improves the performance of the final device. However, there also exists a tradeoff in using this method: the wafers are much more expensive than those prepared using other methods. [1] This PV device also has a comparative advantage in terms of efficiency, as a result of the application for which it was developed. The device was designed to act as a power source for the Enriched Xenon Observatory (EXO) experiment. The thickness of the ma-terial, surrounding temperature, and wavelength of the incident light all contribute to the efficiency of a PV device. Because the environment of the experiment is known and relatively constant, the surrounding temperature and wavelength of the light to be converted to electrical energy is known. The PV cell can therefore be designed to absorb light near the peak in its absorption spectrum, increasing the efficiency of the device.
Prior Work: Silicon Solar Cells in the Past Decade
In the past decade in particular, efforts have been made to significantly increase the efficiency, and therefore utility, of PV devices. A twenty-four percent efficient silicon solar cell was achieved by altering the design of such cells in several ways. First, the silicon cell was covered in a layer of SiO 2 ; this reduced the recombination losses at the surface of the cell covered in oxide. Second, the surface was textured with an inverted pyramid pattern, reducing external light reflection of the top cell surface and increasing the internal light reflection of the rear cell surface. This increased the ability of the cell to absorb infrared light. Finally, the addition of a double layer antireflection coat composed of a M gF 2 /ZnS compound decreased the reflective losses of the cell. [2] Another promising advance in this area of research was made by using an alternate texturing pattern on the cell surface. Instead of the previously described inverted pyramid scheme, cells have also been fabricated with a honeycomb pattern, which consists of wells in the shape of hemispheres aligned adjacently on the cell surface. This, when combined with the previously described technique of covering the cell in oxide, increased the efficiency of monocrystalline cells from 24.0% to 24.4% and of multicrystalline cells from 18.6% to 19.8%.
The symmetric pattern, while reducing the angle and height of surface features, allowed for more internal reflection; more light was absorbed by the cell, increasing its efficiency at wavelengths that are more difficult for PV devices to absorb. This high-voltage PV device was designed to be a power source for the EXO experiment. The goal of this experiment is to use the 136 isotope of Xenon to observe neutrinoless double beta decay. While it has not yet been observed, being able to observe this process would lead to two major discoveries: discerning whether the neutrino is its own antiparticle and measuring the half-life of the neutrinoless double-beta decay process, which would help in estimating the mass of the neutrino. The experiment also has importance in improving the current limit on the neutrino mass estimate. [4] 
METHODS
Design Process
In beginning the mask design process, a list of features necessary for the PV cell was first developed. These features included both fabrication test features and device features. The purpose of the fabrication tests included in the design was to verify the functionality of the following aspects of the device: the conductivity of the metal, the conductivity of the N and P diffusion layers, the contact between both the metal and N diffusion layer and the metal and P diffusion layer, diode functionality, trench hopping and the field oxide etch and glass etch patterns. Each of these aspects required a separate fabrication feature, as this allows the various properties of the device to be tested independently of one another. In this way, if the final PV cell does not work properly after fabrication, it will be relatively easier to determine the failing feature and to diagnose and fix the problem.
Once the fabrication test features were designed, the design of the actual PV device was developed. High voltage PV cells were designed having dimensions of both 50 µm and 100 µm per side. Three main cell designs were developed for the mask, each having a different geometry of the diffusion layers; these designs for the 100 µm square cell are included in Figure 1 . In this figure, the bright green layer is the field oxide (trench) etch pattern, the orange is the diffusion-to-metal contact, the light green is the N-type diffusion, and the pink is the P-type diffusion layer. Different devices were designed to produce various output voltages ranging from 50 V to 2000 V. To determine how many cells were needed in each module for a desired output voltage, several parameters of the silicon PV cells had to be calculated.
The intrinsic doping concentration, n i , of the substrate, silicon, is known to be approximately 10 10 cm −3 , which was included as the theoretical value in Table 3 . Next, the built in potential, φ j , of the individual PV cell was calculated using Equations 1 and 2, in which N A and N D are the active acceptor and donor dopant concentrations respectively, and V T is the thermal voltage of a material at a specific temperature, in this case of silicon at 300 K.
(1)
Finally, the depletion width, ω do , of the cell was calculated using Equation 3 and
; here s represents the permittivity of a material, which in this case is silicon, and q is the charge of an electron. were then calculated to produce theoretical results for those cell parameters.
The calculated built-in voltage of the PV cell was used to calculate how many cells connected in series were needed to produce various output voltages. Each module has a square geometry; therefore, the next largest perfect square to the number of cells needed was chosen to determine the size of each module. The number of cells in each PV cell is summarized in Table 2 .
Different layouts of the cells were also considered, including linear, circular, and hexagonal designs. Several features were added to the PV device, including the ability to bypass a particular cell, connections for external switches, and side-entrance photo switches. Bypass diodes were necessary because of the series connections between individual cells: if one failed, the entire device may not function. Therefore, adding bypass diodes prevents the entire device from failing in the event of an individual cell failing. [1] Simulation Process
The PV device was designed in software first to test the various parameters of the designs being considered. Three basic designs for the individual PV cells were first simulated; each had a different geometry of the diffusion layer, matching those in the mask design, with all other parameters being equal. These simulated cell designs are shown in Figure 2 . In this figure, dark green layer is the support wafer, light green is the Silicon-On-Insulator (SOI) layer, red is the N-type diffusion, and blue is the P-type diffusion. The main purpose of the simulation process was to assess the performance of each design with respect to a few parameters. The first parameter that was examined was the Shockley-Read Hall (SRH) recombination. As recombination limits the current generation capability of the cell, having low recombination is desirable. Another factor of each cell design that was modeled was the built-in potential. The doping geometry that maximizes the built-in potential is more advantageous, as it would require fewer individual cells to produce a given voltage, reducing the size of the overall device. Finally, the conduction current of each design was also studied, especially in the region between the N-type and P-type diffusion areas. Using these parameters, the three main designs were compared, to determine which geometry of the dopants provided optimal performance.
After examining the simulated performance, the design shown in Figure 2 (c) was chosen to be implemented in the actual PV device, and so some parameters were then adjusted to optimize the performance of that particular design, leading to a fourth cell design.
All of the wafers on which the PV devices were to be fabricated had N-type substrates. For this reason, any N-type doped layers would simply function as ohmic contacts. Therefore, the area of P-type dopant was maximized. The minimum area of the N-type dopant and of the distance between the two dopant types was mainly determined by the limitation in precision of the alignment equipment used to align the mask to the wafer.
Fabrication Process
This high-voltage PV cell is being fabricated at the Stanford Nanofabrication Facility.
The first step was to remove impurities from and oxidize the wafers on which the PV cells were to be fabricated. To do so, the wafers went through the following wet-etch procedure.
• 20 minutes With the oxidation process complete, there are still several steps that need to be completed to finish fabricating the device. Thus far, only the first step of the fabrication process has been completed; device fabrication and testing will be continued in future work.
RESULTS
Three parameters of the individual PV cell were calculated, as previously described;
these calculated values comprise the theoretical results of those cell parameters. These same properties were measured using the simulation software, to assess the validity of the calculated values and provide a more extensive theoretical basis on which to judge the final device. These results are summarized in Table 3 . As shown in the table, the calculated and simulated values agree fairly closely, within a margin of error. This adds credibility both to the calculations and simulation results. As measuring ω do directly in the simulation was only possible by estimating a value off of a plot, Equation 3 was used with the value of φ j measured from the simulation to get a more precise value for comparison.
In addition to the three basic parameters of each cell that were calculated, other factors of a PV cell are critical to the device performance, yet cannot be easily or directly calculated by hand. For this type of properties, simulation is imperative to comparing different designs. One such factor is the SRH recombination of the simulated cells. An ideal PV cell would have minimal recombination, which limits the output current of the cell. The SRH recombination plots for the various designs are included in Figure 3 .
Another property of PV cells that was simulated was the conduction current density.
A functional cell needs conduction between contacts on the N and P diffusion layers; therefore the conduction current density is expected to be higher between contacts and minimal elsewhere. It is also desirable to have higher conduction current on the surface of the cell, as it is that portion of the device that is designed to be conductive. The plots of the conduction current density for each design are shown in Figure 5 .
To simulate the operation of the cell as a photovoltaic device, several parameters had to be specified. To effectively simulate the environment in which this device could potentially operate, the optical generation of the device was set to 10 18 cm −3 s −1 . The diffusion implants in the actual PV cell are approximately 2 µm deep; assuming a Gaussian distribution with a peak value of 10 19 cm −3 of the diffusion layer, the standard deviation was adjusted to achieve this in the simulation. Finally, to bias the cell to 0 V, a resistive contact with a value of 10
5 Ω was connected to the diffusion contacts.
DISCUSSION
Some properties of the individual cells are easier to compare in the mask designs, while others are more evident in simulation. When designing the mask for the PV cells, enough metal has to be placed on the cell to provide adequate contact to the diffusion layers, to create a strong electrical contact. However, the area of the cell covered by metal should be minimal, as metal prevents light from being absorbed by the cell. Comparing the layout designs in Figure 1 , it is clear that the design in Figure 1 (c) has the best performance in minimizing the area of metal coverage.
Several trends emerge from examining the simulation results of the four designs. In all of the designs the SRH recombination is higher in the area between the two diffusions.
As recombination limits the output of a PV cell, the area with high recombination should be minimized. The optimized design has the least area between diffusions, and therefore the most desirable recombination profile, as shown in Figure 3(c) . In contrast, the design in Figure 3 (a) shows the greatest amount of recombination in its profile.
The designs were also compared in terms of built-in potential. Comparing the built-in potential simulation plots for each device in Figure 4 , the potential does not vary more than 0.01 V between designs. This is an important factor when comparing cells, as the built-in potential determines how many cells are needed to produce a given output voltage, which determines the size of the overall device. However, in this case, the built-in potential for all designs compared is the nearly same, as expected because the built-in potential is only dependent upon the doping concentrations and intrinsic concentration of the substrate, which is constant for all devices. This is therefore not a determining factor in choosing a cell design.
Finally, the conduction current density was compared among designs. A higher conduction current is expected between diffusion contacts: the current generated in the cell must flow between the contacts to be an effective power source. As the area of the designs being compared is constant, the design with the best conduction current density profile can be assumed to have the most ideal conduction current profile as well. The design in Figure 5 (c) has the most favorable profile; in contrast, Figure 5 (a) has the least ideal conduction current properties.
CONCLUSION
Based on the comparisons drawn among the different cell designs, a design was chosen to be implemented in the PV device. Because it had minimal metal coverage, an acceptable conduction current density profile, and the lowest recombination rate among the designs, the design shown in Figure 2 There are many applications of this technology and future work to be done on this specific project. The first step in continuing this research is to finish fabricating the PV device. After fabrication, the device will be tested to assess its functionality. Its effectiveness at producing the desired output voltage will be determined, to conclude the feasibility of such a device to be used as a high-voltage DC power supply. In addition to having an impact on scientific experiments such as EXO and other work at SLAC, society could also benefit if such devices were implemented on a large scale. 
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